Excitation-contraction coupling in skeletal muscle is thought to depend on a physical interaction between II-III loop of the α 1 subunit of the skeletal dihydropyridine receptor (DHPR) and ryanodine receptor (RyR). A peptide corresponding to II-III loop residues 671-690 of the skeletal DHPR (peptide A) is a high affinity activator of the RyR when it adopts an α-helical structure with critical basic residues aligned along one helical surface (1). Neither the structure of the full length II-III loop, or of sequences longer than 671-690 residues have been determined. Here we describe the structure and function of a 40 amino acid peptide corresponding to residues 671-710 (peptide AB) of the skeletal DHPR α 1 subunit. This peptide contains the A region with a further 20 residues towards the C-terminus of the II-III loop. We predicted that peptide AB would strongly activate the RyR, because (a) it contains the active A sequence of basic residues and (b) it contains a greater proportion of the II-III loop. The structure of the AB peptide was determined and it was found to consist of two helical regions joined by an unstructured linker region. Surprisingly, although the structure of the A region was maintained, the 40 residue peptide was unable to release Ca 2+ from skeletal SR. Strong activity was restored when four negatively charged residues in the C-terminal part of the peptide were replaced by neutral residues. The charge substitution caused minimal changes in the overall structural profile of the peptide and virtually no changes in the A portion of the peptide. The results suggest that the ability of the A region of the skeletal II-III loop to interact with the RyR could depend on the tertiary conformation of the II-III loop, which is thought to change during EC coupling.
ABSTRACT
Excitation-contraction coupling in skeletal muscle is thought to depend on a physical interaction between II-III loop of the α 1 subunit of the skeletal dihydropyridine receptor (DHPR) and ryanodine receptor (RyR). A peptide corresponding to II-III loop residues 671-690 of the skeletal DHPR (peptide A) is a high affinity activator of the RyR when it adopts an α-helical structure with critical basic residues aligned along one helical surface (1) . Neither the structure of the full length II-III loop, or of sequences longer than 671-690 residues have been determined. Here we describe the structure and function of a 40 amino acid peptide corresponding to residues 671-710 (peptide AB) of the skeletal DHPR α 1 subunit. This peptide contains the A region with a further 20 residues towards the C-terminus of the II-III loop. We predicted that peptide AB would strongly activate the RyR, because (a) it contains the active A sequence of basic residues and (b) it contains a greater proportion of the II-III loop. The structure of the AB peptide was determined and it was found to consist of two helical regions joined by an unstructured linker region. Surprisingly, although the structure of the A region was maintained, the 40 residue peptide was unable to release Ca 2+ from skeletal SR. Strong activity was restored when four negatively charged residues in the C-terminal part of the peptide were replaced by neutral residues. The charge substitution caused minimal changes in the overall structural profile of the peptide and virtually no changes in the A portion of the peptide. The results suggest that the ability of the A region of the skeletal II-III loop to interact with the RyR could depend on the tertiary conformation of the II-III loop, which is thought to change during EC coupling.
INTRODUCTION
Protein-protein interactions between two Ca 2+ channels, the dihydropyridine receptor (DHPR) and ryanodine receptor (RyR) are central to excitationcontraction (EC) coupling in skeletal muscle. The DHPR L-type Ca 2+ channel in the transverse tubule membrane detects surface depolarisation and transmits a signal to the RyR channel in the sarcoplasmic reticulum (SR) via the cytoplasmic domains of the two proteins. This interaction initiates the release of Ca 2+ from the SR, and this Ca 2+ in turn acts on a series of proteins to result in contraction. Skeletal EC coupling is independent of an influx of Ca 2+ ions through the DHPR, i.e. it is independent of extracellular Ca 2+ concentration and of DHPR Ca 2+ channel function. In contrast, cardiac EC coupling depends of Ca 2+ entering the fiber through the DHPR and activating the RyR. One of the regions of the DHPR that is thought to interact with the RyR in skeletal muscle EC coupling is located in the II-III loop between the 2 nd and 3 rd transmembrane repeats in the α 1 subunit (2). A skeletal sequence in the loop is required for skeletal type EC coupling in myocytes (2) . In addition, the recombinant II-III DHPR loop, as well as two small fragments of the loop, can activate RyR channels in lipid bilayers and SR vesicles (3) (4) (5) (6) (7) (8) (9) (10) defined in (6)). We have previously identified key sequence and structural elements of the DHPR II-III loop A region that underpin the molecular recognition of the RyR and its ability to either activate the RyR with high affinity or to induce a low affinity voltage-dependent inhibition (1, 11, 12) . The pre-requisite for activation, is that a series of lysine and arginine (RKRRK) residues are aligned and form a positively charged surface. The positively charged surface in the A peptides requires a helical structure. In contrast, two RyR-activating toxins (imperatoxin A and maurocalcine), that are thought to bind to the same site as peptide A (5, 7) , present a spatially similar positively charged surface on a β-sheet template. Inhibition by the A peptides requires the same set of positive charges but with a random coil structure.
The 20 amino acid peptide A is the largest fragment of the II-III loop whose structure has been solved experimentally. Here we describe the solution structure of a 40 residue peptide (AB) which corresponds to residues 671-710 of the skeletal DHPR α1 subunit. This larger peptide, including the A region plus a further 20 amino acids towards the C-terminus of the II-III loop, was examined (a) to extend the structural study of the II-III loop and (b) to determine whether the additional residues may further stabilize the structure and activity of the A region. The 40 amino acid peptide in fact lost the ability to activate the RyR even though the fragment remained highly helical, particularly in the A region. Replacement of four acidic residues in C terminal half of the AB peptide with uncharged moieties rendered the peptide capable of activating the RyR. These functional changes depended solely on the charge of the residues and were not associated with any gross structural change.
METHODS
Peptides were synthesised and purified as described in (4) . Peptides used were:
NMR
Peptides were dissolved at ~2-3 mM in 10% D 2 O/90% H 2 O and pH adjusted to a value of 5.
1 H chemical shift values are relative to 2, 2-dimethyl-2-silapentane-5-sulfonate. In order to enhance the spectral resolution, all further samples, including the peptide AB and AB mutants were dissolved in d 18 -trifluroethanol 18% /82% H 2 O. Spectra were acquired on a Varian-Inova 600 spectrometer using a spectral width of 6000 Hz, a pulse width of 7 µs (90°), and acquisition time of 0.130 s, collecting 4096 data points and 512 increments of 32 transients. NOESY (13) spectra (mixing time of 200-500 ms), TOCSY (14) spectra (mixing time of 70 ms) and DQF-COSY (15) spectra were acquired at 298 K and used for the assignment of the 1H-NMR resonances. Suppression of the H2O resonance for the NOESY, TOCSY and DQF-COSY spectra was achieved using pulse field gradients (16, 17) . Temperature coefficients (16) and hence the patterns of backbone hydrogen bonding were assessed by monitoring the chemical shift values of the amide backbone protons with changes in temperature (277, 285, 298 K) in the DQF-COSY and TOCSY experiments. 2D data were processed on an O2 Silicon graphics work station using Felix 98 software. Data sets were zero-filled to 4096 by 2048K and multiplied by a phase-shifted sinebell-squared function in both dimensions prior to transformation.
3 J NH-αH coupling constants were derived from 1D and 2D DQF-COSY 1 H spectra.
Structure Calculations
Distance constraints were derived manually from a 2D NOESY spectrum acquired with a mixing time of 200 ms. Upper bounds were derived from NOE crosspeak intensities by counting the number of contour levels of nonoverlapped crosspeaks and using distances calibrated from Gln γ-methylene protons. NOE signals were classified into four categories of upper distance limits of 2.7, 3.5, 4.5 and 5.8 Å, each with a 1.9 Å lower distance limit. Dihedral angle restraints based on the 3 J NH-Hα measurements were included in the final calculations with a tolerance of 20°.
Structure calculations were performed with the X-PLOR program (17, 18) , using the topallhdg.pro topology file and parallhdg.pro parameter file, with the simulated annealing protocol on a Silicon Graphics O2 workstation. The sum averaging option was used to treat equivalent and non-stereospecifically assigned protons. Calculations were iterative, checking violations after each round and adding or refining constraints. Hydrogen bonds were identified and introduced after initial calculations. These were simulated by a 3.3 Å restraint between the amide nitrogen and carbonyl oxygen and a 2.3 Å restraint between the amide hydrogen and the carbonyl oxygen. Initially, 100 fully extended structures with random coordinates were generated. Structures were analysed and 17 selected for distance and dihedral constraint violations and low energies. No structures had NOE violations >0.5 Å or dihedral violations >5°. For structural comparisons, individual structures were superimposed onto the average structure.
Circular Dichroism
Peptide samples were diluted to 25 µM for CD measurements in 100% H 2 O or 82% H 2 O/18 % TFE and the pH values adjusted to 5. CD spectra were collected at 5 o C on a Jobin Yvon CD6 Dichrograph using a cell path length of 1 mm. Ten spectra were collected per sample, averaged and then subjected to a smoothing function.
Ca 2+ release
Preparation of SR vesicles and measurements of Ca 2+ release from SR and have been described (4). Rabbit skeletal SR vesicles (100 µg of protein) were added to a cuvette, to a final volume of 2 ml of a solution containing (in mM): 100, KH 2 PO 4 (pH = 7); 4, MgCl 2 ; 1, Na 2 ATP; 0.5, antipyrylazo III. Extravesicular (Ca
2+
) was monitored at 710 nm. Identical experiments at 790 nm (to test for nonCa 2+ -dependent changes in absorbance that may be induced by peptide) showed no changes in OD which would alter the rate of Ca 2+ release measured at 710 nm.
RESULTS
The ability of peptide AB to release Ca 2+ from skeletal SR The 40 amino acid 'AB' peptide, contains the 20 amino acid A region (residues 671-690) of the skeletal DHPR α 1 subunit, plus the adjoining 20 amino acids from the B region (residues 691-710). Although it was anticipated that peptide AB would release Ca 2+ with an efficacy equivalent to or greater than that of peptide A, the 40 residues peptide was inactive.
The structure of peptide AB
The following structural analysis showed that peptide AB has two distinct helical components joined by an unstructured linker region. When the vehicle for the peptide was H 2 O, both NMR and CD analysis suggested that the peptide had a significant proportion of α-helical structure. The crosspeaks between adjacent amide backbone protons in the NOESY spectra strongly suggest helical structure ( Figure 2A ). The CD spectra of α-helical proteins would generally display a maximum at 196 nm, and minima at 208 nm and 222 nm. A minimum for peptide AB at ~198 nm and a slight dip at 219 nm ( Figure 2C ) indicates a mixture of α-helix and random coil. Addition of TFE (18%), to stabilise the secondary structure and allow structure determination (19, 20) , increased NMR spectral resolution, decreased the peak linewidth in the NOESY spectrum ( Figure 2B ), and shifted one CD minimum from 198 to 204 nm and enhanced the minimum at 222 nm ( Figure 2C ).
A full NMR 1 H assignment was performed in an 18% TFE/82% H 2 O mixture. Cross peaks between the amide 1 H atoms of adjoining residues (i -i+1) and/or for (i -i+2), indicated two distinct regions of α-helical structure between residues 1-14 and 23-36 ( Figure 2B ). The helical content was also assessed from: (i) coupling constants, (ii) α-1 H chemical shifts, and (iii) temperature coefficients ( Table 1) . Coupling constants from one-dimensional 1 H spectra and/or one-dimensional slices from DQF-COSY spectra of ≤ 6.1 Hz between the first 12 residues and between 23-33 were indicative of α-helices. α-1 H chemical shifts for residues 1-14 and 23-33 were upfield from those observed for random coil structure ( The NOESY spectrum yielded 414 distance constraints (Table 2 ) from which 100 possible structures were calculated in conjuction with the coupling constants (8) and hydrogen bonds (10) . The backbone heavy atoms of the17 lowest energy structures were overlaid and an average structure calculated (Figure 3 ). The structures show two regions of α-helix, connected through an unstructured linker between residues 17-22. The lack of medium or long range NOE connectivities in the linker region suggested that this region was structurally disordered.
To summarise, peptide AB was functionally inactive even though the α-helical structure of the activating A region was retained. This could have been due to acidic residues in the B region preventing the basic A residues from interacting with their activating site on the RyR, either because (a) the flexible linker allowed the two helices to interact and shield the active A residues or (b) the negative charge in the B region prevented the A region from interacting appropriately with its binding site. To test these possibilities, two mutant peptides were designed. In the first peptide, AB LK , the proline and lysine residues in the linker sequence LPDKT (residues 20-23) were substituted to give the mutant sequence LADAT. In the second peptide, AB CH , negatively charged residues in the DKTEEEK sequence (residues 22-28) in the B region were altered to give a mutant sequence AKTAVAK.
Ca
2+ release by mutant peptides AB LK like peptide AB, did not cause any substantial increase in Ca 2+ release from SR vesicles ( Figure 4A ). There was however a small increase in release rates with AB LK , with slopes of ~7 nmoles/mg/min which were significantly greater that the negative slopes of ~-5 nmoles/mg/min with the native AB (since the slope in thapsigargin was subtracted from the slope after peptide addition, a small negative value was obtained if vehicle was added alone or if the peptide had no effect). In contrast to AB and AB LK , AB CH activated a strong Ca 2+ release from the SR, at concentrations as low as 0.5 µM ( Figure 4B&C ). The rate of release of Ca 2+ increase with increasing AB CH peptide concentration, approaching a maximum with 60 `M peptide. Thus, altering the amino acid composition of the linker region allowed a very small recovery of activity, while removing negative charges from the B region allowed recovery of activity that was substantially greater than that of the native A1 peptide ( Figure 4C ).
The structure of peptides 4.2.1. AB CH and AB LK
The functionally inactive AB LK contained more secondary structure than the wild type AB. There were 36 NH i -NH i+1 NOE cross peaks in the amide-amide region of the NOESY spectrum, compared with 24 for the wild type peptide ( Figure 5A ). NH i -NH i+1 cross peaks were continuous from residue 1-23 and from 24-36. The α-helical content was also indicated by chemical shift and α-1 H CSI values (Table 3) . Indeed the α-1 H values were consistent with α-helical structure from residues 1 to 35. Thus the linker region (residues (17-21) which was previously disordered has been incorporated into the α-helix. CD analysis also showed that AB LK contained alpha helical secondary structure. In the absence of TFE, the CD spectrum had a minimum at 200 nm and an inflexion at 218 nm, suggesting a mixture of random coil and α-helix ( Figure 5B ). In the presence of 18% TFE, the maximum shifted to 188 nm and there were minima at 205 and 220 nm ( Figure 5B ). The positions of the maximum and minima, and the depth of the minimum at 219 nm, suggest AB LK contained the greatest α-helical secondary structure of the three AB peptides.
The structural profile of the functionally active AB CH was similar to that of the wild type AB peptide. There were amide 1 H backbone NOE connectivity's between adjoining residues from 1-14 and from residues 22-36 ( Figure 6A ). NOEs were absent between residues 17-22 indicating that the mutant peptide retained the unstructured linker region of peptide AB. The NH chemical shifts and α-1 H deviations for the majority of residues in the AB CH (Table 4) were similar to those in AB, implying that the secondary structure was conserved in the two peptides. The CD spectra indicated the usual increase in structure after TFE addition, with the appearance of a maximum at 188 nm and a shift in the minima to 204 and a more pronounced minima at 220 nm ( Figure 6B ). It is clear that, apart from the extra helical content in the centre of the AB LK peptide, there is very little difference in the secondary structures of the mutant and wild type peptides. It is significant that the A region, containing the critical positively charged residues (11) (12) (13) (14) (15) , is structurally similar in all 3 peptides. 
DISCUSSION
We show here that the 40 residue AB peptide, corresponding to the N-terminal part of the II-III loop in the α 1 subunit of the skeletal muscle dihydropyridine receptor, is incapable of activating the skeletal RyR1. This result was surprising because (a) the first 20 residues of the peptide were identical to those comprising the smaller A peptide which is a high affinity activator of the Ca 2+ release channel and (b) the structure of the A region in the 40 residue peptide was very similar to the structure of the A peptide. The results of mutation analysis indicate that the loss of function is primarily due a group of negatively charged residues in the C-terminal half of the 40 residue peptide. Replacement of these residues with uncharged amino acids resulted in the full recovery of activity. These unexpected findings emphasize that changes in peptide length can cause functional changes when small protein fragments are examined.
Structural requirements for RyR activation by the A region of the II-III loop
The conformation of the A peptide is a critical determinant for its molecular recognition of the RyR and its ability to initiate Ca 2+ release. The structural requirement is for alignment of key positively charged residues along one surface of the α-helix of the peptide (1, 11, 12) . This alignment is similar to that of positively charged residues on the surface of the β-sheet scorpion toxins, imperatoxin A and maurocalcine (1, 22) , which are thought to activate the RyR by binding to the same site as the A peptide (5, 7). The key residues in the A peptide are a part of the RKRRK cluster (residues 11-15). Only 4 of these 5 residues are required for RyR activation, since the cardiac A peptide with an equivalent sequence, KERKK, activates the RyR in the same way as skeletal peptide (23, 24) . The cardiac and skeletal A sequences share a similar α-helical structure (23) , that allows the alignment of at least 3 of the basic residues along the surface of the peptide's α-helix (1).
Structure and function of the AB peptide
The inactive AB peptide has two distinct helical components joined by an unstructured linker region. Since the important α-helical structure including the RKRRK sequence (residues [11] [12] [13] [14] [15] , and the global orientation of the positively charged residues, is retained in the 40 residue peptide, structural disruption of the A region cannot explain the AB peptide's loss of activity. An alternative hypothesis is that the tertiary structure of the peptide allows an interaction between the two oppositely charged helices in the AB peptide preventing the positively charged A region from interacting with the RyR. The linker region including residues 18-22 would have to adopt a hairpin turn for the two helices to physically interact. Although no NOE evidence was found to support this hypothesis, the structural nature of the linker region, containing a glycine and proline residue could be such that the two helices could potentially interact.
We tested the hypotheses that (a) the negative charge density in the C-terminal half of the AB peptide was important in abolishing the activity of the A region and (b) that the flexibility of the linker region allowed a direct interaction between the oppositely charged helices. In the first case the charge distribution of the second (B) helix was altered in the AB CH peptide by substituting neutral for negatively charged residues. In the second case, the sequence of the linker region was altered in the AB LK peptide to affect the structural profile and influence the potential interactions between the two helices. The α-helix was extended into the linker region in AB LK . Although the mutations did not cause any major change in the structure of the two α-helical regions, AB CH induced significant calcium release which was in fact greater than that induced by peptide A, and equivalent to release by the most active of the A peptides -A1(D-R18) (1). On the other hand AB LK remained inactive, even though its α-helical structure was if anything stronger than that in AB CH .
These results indicated that a cluster of negatively charged B residues prevented the basic A residues from activating with the RyR, but that this interaction did not depend on the structural and dynamic characteristics of the linker. Thus the overall charge of the wild type AB peptide was such that the A region could no longer bind to its activation site. If the A region of the full 2-3 loop binds to the same site on the RyR as peptide A, then the tertiary structure of the full loop must be such that the effect of the negatively charged residues in the B helix on the A region is diffused. (1)).
The structure of the AB region in the full II-III loop
An important finding in this study was that addition of 20 C-terminal residues to the A peptide did not alter the helical structure of the A region. Furthermore, our preliminary analysis of the recombinant 126 residue II-III loop shows two helices in the AB region (Dulhunty and Casarotto, unpublished data), equivalent to those seen in the AB peptide. The predicted structure of the full II-III loop also indicates that there two helices in the same position (24) . Other regions of the II-III loop also retain their structural integrity when isolated from the larger protein. A peptide corresponding to residues 725-760 (i.e. the C region of the II-III loop as defined by El-Hayek et al., (6) ), has a random coil structure (8) , as has the C region in the full II-III loop in NMR analysis (Dulhunty and Casarotto, unpublished) or from structure predictions (24, 25) . Thus the secondary structure of small regions of the II-III loop are retained in peptide fragments of the protein. An extrapolation of this finding is that functional effects of peptide fragments of the II-III loop on the RyR are likely to reflect functional changes which occur in more complex interactions between the intact DHPR and RyR in the whole cell.
Functional changes induced by changing peptide length
The results show that extension of a peptide fragment can lead to functional disruption, if the extended region exerts a stearic influence over the active region of the peptide. Indeed there are several examples in the literature in which small changes in the length of peptides corresponding to the AB region of the II-III loop have resulted in significant differences in peptide activity. A 61 amino acid peptide, SCDLf1 (residues 666-726) binds to RyR1 and activates the channel (26) . The sequence from residues 671-690 (peptide A) activates Ca 2+ release from skeletal SR and RyR channels (see Introduction). In contrast (a) a peptide corresponding to residues 666-709 of the skeletal DHPR (the s31 region) does not bind to RyR1 (27) and (b) peptide AB (residues 671-710) does not activate the channel (this study). In summary, the A region alone activates RyR1. Addition of the next 20 amino acids of native sequence abolishes activity. Addition of a further 16 residues of native sequence downstream and 5 residues upstream, restores activity (26) . It is likely that, as in the AB peptide, the essential RKRRK residues in the A region of residues 666-709 (27) were compromised by the presence of the acidic B residues (in DKTEEEK). The DHPR fragment containing the A region may well have bound to the RyR if it had been either extended to residue 726 or truncated by to residue 691.
The recombinant II-III loop binds to the RyR and activates the channel (3, 28) . This activation could occur through binding of either the A or the C region of the loop to the RyR, since both regions activate the channel under appropriate conditions (28) . However, the fact that SCDLf1 (residues 666-726) is capable of activating the RyR shows that the A region can be active if the AB region is extended. This raises the possibility that the region can bind to the RyR in both the recombinant loop and in the intact protein (if it could be targeted to the RyR).
The role of the AB region in skeletal muscle EC coupling
There is unequivocal evidence that skeletal type EC coupling in myocytes, which occurs in the absence of extracellular Ca 2+ influx, depends on the presence of a skeletal sequence in the DHPR II-III loop residues 725-740 (i.e. the N-terminal part of the C region as defined in (6)) (25, 29, 30) . It is however not clear whether this C sequence is a requirement for the physical interaction Table 4 . Proton NMR assignment and predicted secondary structure information based on α Figure 5 . The structure of AB LK determined using NMR and CD analysis is similar to that of the native AB peptide, with more structure in the linker region. The amide-amide region of the AB LK peptide NOESY spectrum in 82% H 2 O/18 % d 18 TFE) is shown in (A) indicates the peptide adopts an α-helical secondary structure. Strong and continuous i-i+1 NOEs are shown and correspondingly labeled The results of this study suggest that the conformation of the II-III loop could provide a switch that allows the A region to interact with the RyR. If the conformation is such that the positive charge of the A region is neutralized by negative charges in the B region then an interaction is precluded. A change in conformation Figure 6 . The amide-amide region of the AB CH NOESY spectrum in 82% H 2 O/18 % d 18 TFE shown in (A) indicates that the peptide adopts an α-helical secondary structure with strong and contiguous i-i+1 NOE crosspeaks between residues 1-14 and 22-36 (B) -CD spectra at 5°C of the AB CH in 100% H2O (solid line) and 82% H 2 O/18 % TFE (dashed line).
that removed this neutralizing effect would allow A region to interact. Such a change in conformation could contribute to functional changes associated with EC coupling or with retrograde signaling.
In conclusion, we predicted that the 40 amino acid AB peptide corresponding to residues 671-710 of the II-III loop in the α 1 subunit of the skeletal DHPR would be a strong activator of the skeletal RyR1 channel, because (a) it contained a sequence of basic residues that had previously been shown to be responsible for high affinity activation of the RyR and (b) we predicted that the structure of the activating region would further resemble the full II-III loop. Although the structure of the activating region was maintained, the 40 residue peptide had no functional activity. Strong activity was restored when negatively charged residues in the C-terminal part of the peptide were replaced by neutral residues. The results suggest that the affinity of the A region of the skeletal II-III loop for the RyR might depend on the overall conformation of the II-III loop, which is thought to change during EC coupling.
